Objectives: One purpose of this investigation was to evaluate the effect of a unilateral bone-anchored hearing aid (Baha) on horizontal plane localization performance in single-sided deaf adults who had either a conductive or sensorineural hearing loss in their impaired ear. The use of a 33-loudspeaker array allowed for a finer response measure than has previously been used to investigate localization in this population. In addition, a detailed analysis of error patterns allowed an evaluation of the contribution of random error and bias error to the total rms error computed in the various conditions studied. A second purpose was to investigate the effect of stimulus duration and head-turning on localization performance.
INTRODUCTION
The osseointegrated cochlear stimulator, previously referred to as the bone-anchored hearing aid (Baha), has proved to be a viable option for some hearing-impaired individuals who cannot benefit from conventional hearing aids. The Baha consists of a titanium screw that is implanted in the temporal bone, with an integrated microphone and a sound processor that fits over the external abutment housing the screw. This system thus allows direct coupling of sound vibrations to the skull and avoids the damping effect of subcutaneous tissue inherent in traditional bone conduction aids (e.g. Schrøder et al. 2010 ). This device is appropriate, for example, for hearing-impaired persons with aural atresia, for whom it is not possible to fit a conventional hearing aid (Danhauer et al. 2010) .
One population that has generally received benefit from the Baha is individuals with severe unilateral hearing loss (with normal or near-normal hearing on the other side). With the Baha implanted on the side of the impairment, sounds presented from this poorer side are transmitted via bone conduction to one or both cochleae (depending on the type and level of hearing loss), resulting in improved hearing in some situations. For example, these individuals have typically shown improved subjective scores (with Baha on versus off) on the Abbreviated Profile of Hearing Aid Benefit questionnaire, Single-Sided Deafness questionnaire, and other questionnaires (e.g. Bosman et al. 2003; Niparko et al. 2003; Wazen et al. 2003; Hol et al. 2004; Newman et al. 2008; Danhauer et al. 2010; Hol et al. 2010a; Schrøder et al. 2010 ). In addition, individuals with single-sided deafness generally have scored higher on speech recognition in noise tasks when the Baha was on than when it was off, particularly for conditions in which the target signal was presented from the side of the hearing loss (Snik et al. 2002; Bosman et al. 2003; Niparko et al. 2003; Wazen et al. 2003; Hol et al. 2004 Hol et al. , 2005b Lin et al. 2006; Kunst et al. 2008; Hol et al., 2010a) . However, despite the general satisfaction Baha users have expressed, it has been noted that only around 20% of eligible patients (in a Denmark study) chose to have the Baha implant (Schrøder et al. 2010) , and that not all Baha users express satisfaction with their device (Bishop et al. 2010 ).
SOUND LOCALIZATION IN BAHA USERS WITH SINGLE-SIDED DEAFNESS
Most of the studies cited in the previous paragraph, in addition to measuring subjective benefit and speech recognition performance, also measured sound localization ability in unilateral Baha users. It turns out that the benefit of the Baha in a Horizontal Plane Localization in Single-Sided Deaf Adults Fitted With a Bone-Anchored Hearing Aid (Baha) D. Wesley Grantham, 1 Daniel H. Ashmead, 1 David S. Haynes, 2 Benjamin W. Y. Hornsby, 1 Robert F. Labadie, 2 and Todd A. Ricketts 1 localization task depends on the type of hearing loss. For individuals with sensorineural hearing loss (SNHL), the Baha has uniformly not resulted in improved localization performance (Niparko et al. 2003; Hol et al. 2004 Hol et al. , 2005b Wazen et al. 2005; Lin et al. 2006; Newman et al. 2008; Hol et al. 2010a Hol et al. , 2010b . On the other hand, individuals with a single-sided conductive hearing loss (CHL) generally perform better with the Baha than without it (Snik et al. 2002; Hol et al. 2005a; Kunst et al. 2008; Agterberg et al. 2011 ). This pattern of results is not unexpected. Persons with an SNHL have a single functioning cochlea and therefore would not have access to the interaural time differences and interaural level differences (ILDs) that are the primary cues for horizontal plane localization (Grantham 1995) . Persons with only a CHL in their poor ear would have two functioning cochleae, which would, in principle, allow some degree of sensitivity to the interaural cues underlying localization performance. Of course, the interaural cues available to these persons would be somewhat impoverished relative to those that a normal-hearing person would receive: The stimulus to the cochlea on the impaired side would be from the ipsilateral boneconducted signal, whereas the stimulus to the normal cochlea would consist of a mixture of the air-conducted signal and the contralateral bone-conducted signal. The binaural signal would be further complicated by the fact that the Baha introduces a processing delay to the bone-conducted signals arriving to the two cochleae. For example, the Divino device manufactured by Cochlear Americas introduces a delay of 0.7 msec to the signal, a value corresponding to the maximum interaural delay human listeners encounter in the real world. It is evident that despite the complicated binaural signal, some subjects with singlesided conductive deafness are able to take advantage of these altered interaural difference cues, which results in the improved localization performance observed when the Baha is active. Despite the lack of objective evidence that the Baha can improve localization performance in patients with singlesided SNHL, some of these patients have reported subjectively that their localization ability was improved with the device (Wazen et al. 2003; Hol et al. 2005b Hol et al. , 2010a . It is possible that the impression of improved localization ability in these individuals is based on the different quality of sound experienced when the Baha is on, and on the fact that the Baha eliminates the head shadow effect for sounds presented from the poor side (Niparko et al. 2003; Wazen et al. 2003) . Alternatively, it is possible that these patients truly experience some subtle improvement in sound localization ability, but that the objective tests performed to date are not sensitive to any such small improvements that may occur. As noted previously, the Baha would not provide interaural cues to these individuals because it is presumed that they have only a single functioning cochlea. However, it is possible that an azimuth-dependent time or level difference between the air-conducted and Bahaconducted signals that produce the combined stimulus to the good cochlea would result in an azimuth-dependent spectral cue that subjects could learn to use to improve horizontal plane localization performance (e.g. Schrøder et al. 2010) .
One purpose of the present study was to measure horizontal plane sound source localization performance in Baha patients with single-sided sensorineural or single-sided CHL. The emphasis in this study is on whether subtle benefits of aided hearing might be observed even in patients with sensorineural impairment using a procedure that is more sensitive to performance differences than those used in previous studies. The studies previously cited have typically used five to nine source positions in the front (or rear) horizontal plane, with typical separation between adjacent loudspeakers of 30° to 45°. In all of these studies, the number of response alternatives was equal to the number of source positions (thus, only five to nine available responses). The typical response measure reported was percent correct identification or percent correct "lateralization" (i.e. whether the response was on the same side as the presented stimulus) (Niparko et al. 2003; Hol et al. 2004 Hol et al. , 2005b Wazen et al. 2005; Lin et al. 2006; Priwin et al. 2007; Newman et al. 2008; Hol et al. 2010a Hol et al. , 2010b , although three studies reported mean absolute error (MAE) (Snik et al. 2002; Hol et al. 2005a; Kunst et al. 2008) . MAE does provide more information than simply reporting percent correct identification, but when the response alternatives are few and widely separated, as in these studies, the measure would not be sensitive to subtle differences in localization performance. In addition, MAE represents a total error score, which does not distinguish between random variability and directional response bias (Rakerd & Hartmann 1986; Grantham 1995) .
The present study addresses these limitations by using a finer response measure in our localization task (33 response alternatives, spaced at 5.6°), and by reporting random error and bias error in addition to overall rms error (all in degrees azimuth). In this way, we believe that our procedure is a more sensitive test of potential differences between populations and between conditions (i.e. with Baha on or off) than those previously conducted.
In addition, previous studies have not addressed the issue of how Baha users might benefit in localization by using head movements and attending to sounds for more extended times. Accordingly, a second purpose of the present study was to measure localization performance in these groups as a function of stimulus duration and of subject head movement. Horizontal plane localization performance in normal-hearing listeners is known to improve as stimulus duration is increased, and for longer-duration signals, localization error can be reduced when subjects are allowed to move their heads (Pollack & Rose 1967; Perrett & Noble 1997) . The present study investigates how signal duration and head-turning affect localization performance of single-sided deaf individuals, with and without the Baha device activated.
MATERIALS AND METHODS

Subjects
Patients with osseointegrated cochlear stimulators were identified by reviewing surgical records within the Department of Otolaryngology, Vanderbilt University Medical Center, Nashville, TN. Eligible patients were contacted via telephone and were offered the opportunity to participate in the study. The method of subject recruitment was approved by the Vanderbilt University Institutional Review Board.
Subjects were eligible to participate if they were older than 18 years of age, had been implanted with the Divino Bone-Anchored Hearing Aid (Baha) device manufactured by Cochlear Americas, and if they had normal or near-normal hearing on their nonimplanted side. Of 12 subjects who met the criteria, 7 were classified as having SNHL, and 5 were classified as having conductive loss (CHL). Subject characteristics are shown in Table 1 .
Audiograms for the nonimplanted (near-normal) side are shown in Figure 1 .* Although bone conduction thresholds were not available for two of the seven SNHL subjects, the air and bone conduction thresholds that were measured in the impaired ears of this group (between 250 and 8000 Hz) were generally beyond the limits of the audiometer, and in no cases were less than 80 dB HL. This pattern is consistent with a severe to profound SNHL. Air conduction thresholds in the impaired ears of the CHL group were not measured in most cases because of closed ear canals (see comments in Table 1 ), but the losses in all cases were described as severe. Bone conduction thresholds in the impaired ears of the CHL group (pure-tone average at 500, 1000, and 2000 Hz) averaged 21.7 dB for the five subjects (air conduction thresholds in the near-normal ears for the CHL group averaged 18.0 dB, confirming symmetric sensory function in this group).
In addition to the 12 subjects implanted with the Baha device, four normal-hearing subjects (all female, aged 22-32) were recruited as controls. All had normal hearing bilaterally (thresholds <20 dB HL at octave frequencies from 250 to 8000 Hz), and all had had previous experience with various spatial hearing tasks in our laboratory. These subjects were tested under the same stimulus conditions as those described in the next section for the implanted subjects.
Environment and Stimuli
All testing was conducted in the Vanderbilt Bill Wilkerson Center anechoic chamber, with internal dimensions (measured between wedge tips) 4.6 m × 6.4 m × 6.7 m, and with a lowfrequency cutoff of 100 Hz. A horizontal circular array of 64 loudspeakers (RCA 40-5000), with a diameter of 3.9 m and spanning a full 360°, was positioned in the chamber (thus, angular separation between adjacent loudspeakers was 5.6°). The subject was seated such that his or her head was in the center of, and in the same plane as, the array of loudspeakers.
The 33 loudspeakers in the subject's front horizontal plane were clearly labeled with numbers from 1 (at −90° azimuth, directly opposite the left ear) to 33 (at +90°, directly opposite the right ear). The remaining 31 loudspeakers (those in the rear horizontal plane) were unlabeled, and subjects were told that no sounds would come from these loudspeakers. Of the 33 labeled loudspeakers in the front horizontal plane, only 9 were "active" (i.e. signals were only ever presented from one of the active loudspeakers). Figure 2 displays the front horizontal plane loudspeakers, showing the active loudspeakers as filled symbols. Subjects were not informed that only 9 of the 33 loudspeakers would be active, and none guessed that this was the case.
Two different speech signals were used as stimuli. The LONG stimulus was a recording of a male saying "Where am I coming from now?" (duration: 1250 msec). The SHORT stimulus was a separate recording of the same male saying "Where?" (duration: 341 msec). Waveforms and spectra for the signals are shown in Figure 3 . Note that the speech signals were low-pass filtered at 4000 Hz. Thus, the bandwidth of the speech signals was similar to that of the Baha device, whose operational output is maximum over the range of 500 to 1000 Hz, with a high-frequency rolloff yielding an output at 4000 Hz 15 to 20 dB below the peak.
These two stimuli were used in different experimental runs, as described in the Procedure section. All signals were presented at a level of 60 dB SPL, as measured with a microphone at the position of the subject's head when the signal was played continuously from one of the loudspeakers. Presentation at this level ensured that all signals were delivered by the Baha using linear processing (the kneepoint of the Divino device, beyond which compression is applied, is fixed at 75 dB SPL). All signals were digitally filtered according to the loudspeaker from which they were presented, to remove any differences among the loudspeaker responses.
Procedure
All testing was completed in two sessions, generally one in the morning and one in the afternoon of the same day, each around 1 hr in duration. Before the first session, an audiogram was obtained (unless one from the past 6 months was already on file). For all testing, subjects set their Baha microphones to operate in omnidirectional mode, and they set the volume control to the setting they used in everyday life. Three stimulus conditions were tested:
1. LONG, HEAD-MOVING-the LONG stimulus ("Where am I coming from now?") was presented on each trial, and the subject was free to move his or her head during the presentation. 2. LONG, HEAD-STILL-the LONG stimulus was presented on each trial, but the subject was instructed to hold his or her head fixed in a forward direction until the utterance was completed (after which he or she was free to swivel around to look at the loudspeaker labels). In this stimulus condition, the experimenter monitored the subject via a closed-circuit video system. Trials in which the subject moved his or her head before the stimulus offset were eliminated from the analysis. This occurred on <1% of the trials run in this stimulus condition. 3. SHORT-The SHORT stimulus ("Where?") was presented on each trial. Although subjects were told they could move their heads as soon as they wanted to after signal onset, observation (via video camera) confirmed that subjects rarely if ever initiated a head-turn before the stimulus offset.
Each of the three stimulus conditions was tested in two modes: (a) with the Baha device turned on, and (b) with it turned off. Thus, six blocks of trials were completed in each session, one for each combination of stimulus condition and device mode. The order of presentation of the six blocks was varied across subjects.
Each block consisted of 54 trials, with the selected stimulus being presented from each of the nine active loudspeakers six times in random order. Before each presentation, the subject turned his or her head toward the midline (speaker #17). After the presentation (or during, for the LONG, HEAD-MOVING condition), the subject was allowed to move his or her head to look at the loudspeaker labels, and she or he called out the number of the loudspeaker that she or he believed presented the signal. The subject's verbal response was transmitted to the adjacent control room via intercom, where the experimenter entered the response into the computer. After response entry there was a 500 msec pause, after which the stimulus for the next trial was presented.
The second session, conducted later in the day, consisted of the same six blocks of trials presented in a different random order. Thus, for each stimulus condition, each Baha mode, and each loudspeaker, there were 12 responses. The primary dependent measure of interest was D, the rms error, in degrees, computed for each speaker location. We also recorded the variable error s (the SD of the 12 responses obtained for a given loudspeaker and condition) and the bias or constant error C (the difference between the stimulus azimuth and the average response azimuth for each loudspeaker). Each of these measures was then averaged across all source positions for each condition, thus yielding a measure of overall error D  , a measure of variable error s -, and a measure of bias C  for each condition (see Rakerd & Hartmann 1986) .
RESULTS AND DISCUSSION
As expected, the pattern of performance depended on the type of hearing loss on the side of the Baha device. Figure 4 shows the results from two representative subjects. Subject S1 (left panel) had an SNHL on the implanted side, whereas Subject C2 (right panel) had a CHL on the implanted side. In both panels, data are shown for Stimulus Condition 1 (LONG, HEAD-MOVING), with mean response azimuth plotted as a function As can be seen in Figure 4 , Subject S1 (SNHL, left panel) performed practically the same when he was using his device (overall error score D  = 26.5°) as when he was not using it (overall error score D  = 30.8°). The pattern of data is very similar for the open and closed symbols for this subject. Conversely, Subject C2 (CHL, right panel) had a considerably lower error rate when using the device (D  = 8.8°) than when not using the device (D  = 24.8°). For this subject, the pattern shown by the two symbols is noticeably different. The filled symbols (Baha-On) are closer than the open symbols (Baha-Off) to the diagonal line representing perfect performance, indicating a smaller bias error C  in the former case. In addition, the error bars (variable error s) are smaller with Baha on than off. Thus, this subject was both more consistent and more accurate in his localization responses with the Baha on than with it off.
Analysis of Overall RMS Error (D  )
Normal-Hearing Subjects • Performance for the normalhearing subjects was similar across the four subjects, so only mean error scores are reported. Mean error scores (D  ) were 2.2°, 4.8°, and 5.6°, for Stimulus Conditions 1, 2, and 3, respectively. Paired t tests revealed that error score was significantly lower in Condition 1 than in Condition 2 (p < 0.05) and Condition 3 (p < 0.01), but that the error scores in Conditions 2 and 3 were not significantly different from each other (p > 0.1). Thus, for the normal-hearing subjects, allowing head-turn for a long-duration stimulus resulted in lower error scores, but with the head restricted, there was no significant effect of stimulus duration. We return to this point in the final Discussion section. Figure 5 displays the mean overall error scores in all conditions for the SNHL group (upper panel) and the CHL group (lower panel). The dashed horizontal line in each panel indicates the average error score for the four normal-hearing subjects in Stimulus Condition 3 (5.6°). For the SNHL group, error scores were higher when the Baha was on than when it was off, whereas for the CHL group, the differences were in the opposite direction. Table 2 displays the individual data for the three stimulus conditions for both Baha-Off and Baha-On listening conditions. For each group (CHL and SNHL), the fourth column in the table displays the differences between Baha-Off and Baha-On error scores, where a positive difference indicates an advantage (lower error) for the Baha-On condition. These individual data corroborate the trends shown in Figure 5 . In all three stimulus conditions, subjects with SNHL generally did worse with the device than without it; that is, the difference scores are mostly negative. On the other hand, subjects with CHL generally benefited from using the device: the difference scores are mostly positive.
Subjects Implanted with the Baha Device •
To test the significance of these effects, a three-way analysis of variance (ANOVA) was carried out with Group (SNHL versus CHL) as a between-subject factor and Stimulus Condition (1, 2, or 3) and Baha Mode (On or Off) as repeated measures factors. † There was a significant Group effect (F[1,10] = 5.139; p = 0.047;  2 = 0.339) ‡ , with the overall error smaller for the CHL group (average: 25.7°) than for the SNHL group (average: 42.7°). This overall Group effect is probably a result of the CHL group having at least some limited access to binaural cues, especially in the Baha-On condition, whereas the SNHL group would have had negligible access to binaural cues. The ANOVA also indicated that there was a significant effect of Stimulus Condition: overall average errors were 29.8°, 32.6°, and 40.2°, respectively, for Stimulus Conditions 1, 2, and 3 (F[2,20] = 4.256; p =.029;  2 = 0.299). Thus, using a shorter stimulus or restricting head movements resulted in increased error overall, although, as will be seen subsequently, this significant difference was not maintained in the separate two-way ANOVAs.
Most important for the present investigation, the interaction between Group (SNHL versus CHL) and Baha Mode (On versus Off) was highly significant (F[1,10] = 24.830; p = 0.001;  2 = 0.713), indicating that the effect of using the Baha was different for the two groups. No other main effects or interactions from the three-way ANOVA were significant.
To further explore the significant Baha Mode × Group interaction, separate two-way ANOVAs were conducted for the SNHL and the CHL groups, with Stimulus Condition and Baha Mode as the two repeated measures in each case. For both groups, there was a significant main effect of Baha Mode, but the direction of the effect was opposite for the Fourth column for each group shows the difference in error score between Baha-Off and Baha-On. A positive difference indicates an advantage (lower error score) for the Baha-On condition. The three sections show results for the three stimulus conditions. SNHL, sensorineural hearing loss; CHL, conductive hearing loss. † Because of scheduling problems, Subject S1 was not tested in Stimulus Condition 2. For all ANOVAs reported here, the two missing cells (Condition 2/Baha On and Condition 2/Baha Off) were filled with values that were equal to the computed means of the other six SNHL subjects in these conditions (thus, in the ANOVAs, N = 7). All reported significant findings using this rule were the same as when this subject's entire data set were excluded from the analysis (N = 6). ‡ Note that effect sizes  2 for this and all subsequent analyses are given as partial eta squared.
two groups. For the CHL group, the mean error score was significantly smaller with the Baha-on (18.8°) than when it was off (32.6°) (F[1,4] = 16.9; p = 0.015;  2 = 0.809). However, for the SNHL group, the mean error score was significantly greater with the Baha-on (45.9°) than when off (39.5°) (F[1,6] = 6.723; p = 0.041;  2 = 0.528). The main effect of Stimulus Condition was not significant for either of the two ANOVAs, nor was the interaction between Stimulus Condition and Baha Mode. The finding of a significantly reduced error score in the CHL group when the Baha is on versus off replicates previous studies that have shown such an improvement in these individuals (Snik et al. 2002; Hol et al. 2005a; Kunst et al. 2008; Agterberg et al. 2011) . This demonstrated that improvement in horizontal plane localization is most certainly based on the Baha's ability, via bone-conducted signal to both cochleae, to provide increased binaural cues to some of these subjects. The advantage across subjects that resulted from using the Baha (i.e. the reduction in error score) ranged from 2.5° to 22.0° for the five subjects (averaged across the three stimulus conditions). Across the five subjects, the average improvement that resulted from using the device was +13.8°.
In contrast with the expected pattern of results with the CHL group, the finding of reduced localization ability among single-sided SNHL individuals is new and unexpected. Previous studies of localization ability in these subjects have shown no improvement based on using the Baha (e.g. Niparko et al. 2003; Wazen et al. 2005; Hol et al. 2010 a, b) , but have also shown no degradation of performance. The present study, using a finer response measure than previous studies, reveals that the Baha can actually result in degraded localization ability. The effect of using the Baha device (i.e. the change in error score) ranged from −15.8° to +2.7° for the seven subjects (averaged across the three stimulus conditions), where a negative change represents greater error with the Baha device on. Thus, there is quite a range in these SNHL subjects in terms of the effect of the Baha device on localization performance. The average disadvantage (increase in error when using the device) across the seven subjects was −5.8°.
It is possible that some of these subjects had learned (before surgical implantation) to localize sounds at some level of proficiency based on the use of monaural cues (Agterberg et al. 2011) . After implantation, these azimuth-dependent monaural cues would be somewhat altered, because they would now be based on a combination of air-conducted and bone-conducted sound. This could conceivably disrupt the cues these subjects were accustomed to using before implantation. If so, one might expect that prolonged use of the device may enable these subjects to at least reach a level of performance equivalent to that they had enjoyed previously. However, for our seven subjects, there was no consistent relationship between the length of time they had worn their devices (ranging from 4 to 40 months) and the degree of degradation of localization performance when the Baha was on. Possibly such detrimental effects of using the Baha could be overcome with yet longer periods of acclimatization. Another possibility is that the combination of air-conducted sound and bone-conducted sound renders monaural spectral cues less useful in a way that cannot be overcome by acclimatization.
Analysis of Random Error (s -) and Constant Error (C  )
The overall rms error (D  ) analyzed earlier does not distinguish between random error (s -) and constant or bias error (C  ). Random error (s -) is computed as the SD of the subject's responses for a given source position (represented by the size of the error bars in Fig. 4 ), whereas constant error (C  ) is represented by the rms difference between the mean response at each azimuth (the data points in Fig. 4 ) and the diagonal representing perfect performance. The measures are related as follows (Rakerd & Hartmann 1986; Grantham 1995) :
A complete analysis of s and C  is presented in Supplemental Digital Content 1, http://links.lww.com/EANDH/A81.
Effect of Stimulus Condition
As previously reported, there was a significant main effect of Stimulus Condition in the three-way ANOVAs performed on overall error (D  ), indicating that, averaged across groups and Baha Mode, localization performance depended on signal duration and head motion. We performed follow-up paired t tests to discover which of the three stimulus conditions were significantly different from the others. Collapsed across groups and Baha Mode conditions, average error rates (D  ) for Stimulus Conditions 1, 2, and 3 were 31.1°, 33.3°, and 41.8°. Paired t tests revealed that the difference between Conditions 1 and 3 was significant (t[23] = 3.17, p = 0.004), and the difference between Conditions 2 and 3 was significant (t[21] = 4.22, p < 0.001), but the difference between Conditions 1 and 2 was not significant (t[21] = 0.471, p = 0.32). These results indicate that, overall, the stimulus with the shorter duration (Stimulus Condition 3) resulted in poorer performance than the longerduration stimulus. However, with the longer-duration stimulus, there was no difference between the head moving and head stationary conditions.
These results are somewhat different from those of the normal-hearing subjects (reported earlier). Recall that for the normal-hearing listeners, allowing head-turning resulted in improved performance (for the LONG signal), but that for restricted-head conditions, there was no significant effect of signal duration. These results are in partial agreement with the results of Pollack and Rose (1967) , who found that head movement benefitted normal-hearing subjects, but only if the sound sources were initially to the side, and only if stimulus duration was sufficient to allow their subjects to orient toward the source (see also the review by Middlebrooks & Green 1991) . On the other hand, our finding of no effect of stimulus duration contrasts with the results of Pollack and Rose, who found that performance of normal-hearing subjects did improve with signal duration over the range 300 to 1000 msec. The differences in results between the two studies may be attributable to the different stimuli used (they used white noise; we used 4000 Hz low-pass filtered speech). With the broader band signal in their study (with the upper cutoff limited only by their loudspeakers), ILDs would have had contributed more to performance than in our study, in which the low-pass speech signals may have resulted in subjects' performance being based more on interaural temporal differences . Such differential weighting of interaural temporal differences and ILDs in the two studies may have contributed to the different effects observed of stimulus duration. Other potential sources of differences between the two studies were the different levels of experience of the subjects (theirs were naive; ours had had previous experience in spatial hearing experiments), and possibly other methodological differences. We are not aware of any other systematic investigations of the effect of stimulus duration on horizontal plane localization in normal-hearing subjects.
As noted, we found that the Baha-implanted subjects (collapsed across groups and across Baha Mode) had significantly lower error scores for the LONG than for the SHORT signals. Apparently, these subjects were able to take advantage of the longer presentation to improve their localization performance. On the other hand, the implanted subjects did not benefit from head motion. This result may be attributable to the fact that the LONG signal (1250 msec) was still not sufficiently long to provide benefit for these single-sided deaf subjects, who have considerably higher error scores than those of normal-hearing subjects. Middlebrooks and Green (1991) have suggested that head motion might be beneficial for localization only if the stimulus is long enough to allow the subject to orient toward the source. Thus, for this population of Baha-implanted singlesided deaf subjects, it might be expected that localization performance would improve only if the signal duration was further extended to several seconds. §
SUMMARY AND CONCLUSION
Using speech stimuli and a procedure with a finer response measure than has been used previously, horizontal plane localization performance was measured in 12 subjects fitted with an osseointegrated cochlear stimulator or Baha. All subjects had normal or near-normal hearing on the side contralateral to the implant and had one of two types of hearing loss. One group had a sensorineural or mixed loss on the impaired side (SNHL: N = 7), and the other group had a CHL on the impaired side (CHL: N = 5). Performance was first evaluated by computing overall rms error (D  ). Further analyses were conducted on the component parts of overall error: random error (s -) and bias error (C  ).
Effect of the Baha
In agreement with previously reported results, the effect of the Baha depended on the type of hearing loss. For the CHL group, average overall error (D  ) was significantly smaller when the device was on than when off, whereas for the SNHL group, average overall error was significantly greater when the device was on than when off. However, it should be noted that there was considerable individual variability in the effect of the Baha in both groups of subjects, ranging from little change to a great deal of change in error scores.
We hypothesize that the improvement in the CHL group, as has been noted previously, has probably resulted from the device providing binaural cues to some of these subjects that were not previously available. Although such cues would be of less use relative to those experienced by normal-hearing listeners (as shown by the considerably elevated error scores compared with a group of normal-hearing controls), they evidently provide some useful information to the subjects in this localization task. The worse performance in the SNHL group when using the device, compared with when not using it, has not previously been reported. It is not clear why performance should be worse, although it may be related to the degradation of monaural spectral cues when the device is on, caused by the mixture of an air-conducted signal and a bone-conducted signal to the single functioning cochlea.
Analysis of the component errors suggests that the benefit of the Baha for the CHL group is based primarily on reduced response bias when the device is on. That is, on average, the subjects in the CHL group are able to localize sources more accurately when the device is active than when it is off. Random error (the spread around the average response) is also somewhat reduced in this group when the device is on, but this difference was not statistically significant.
Effect of Stimulus Duration and Head-Turning
Overall, considering performance from both groups of subjects, both with and without the Baha device, error scores were significantly smaller for the long-duration (1250 msec) than for the short-duration (341 msec) stimulus. This beneficial effect of signal duration has been previously demonstrated for normalhearing subjects (Pollack & Rose 1967) . However, we did not find a significant effect of head motion on performance: For the longer-duration signal, the magnitude of the error scores did not depend on whether subjects were allowed to move their heads. It seems that for these subjects, for whom best localization performance is still considerably poorer than for normal-hearing subjects, lengthening the stimulus duration has an overall beneficial effect on performance, but that allowing head movements for the longest duration used here (1250 msec) does not improve performance further. Possibly an advantage of head motion would be revealed in these subjects if the stimulus duration was further increased, say to 2 to 5 sec.
These results have implications for patients and clinicians considering a Baha fitting. For single-sided deaf patients with a CHL, improved localization performance may occur as a benefit of using the device, along with other demonstrated benefits for speech recognition in certain situations. However, for singlesided deaf individuals with a SNHL, our results suggest that the Baha does not result in improved localization performance on the source direction task we used, and, in fact, may lead to poorer performance. These objective results should be weighed against the subjective reports expressed by some Baha users that, despite their lack of improvement in source identification tasks, the device does, in some cases, provide the impression of improved localizability, perhaps because it provides a sense of auditory three dimensionality (Wazen et al. 2003; Hol et al. 2005b Hol et al. , 2010a .
